Abstract: We aimed to show the utility and reliability of sternal morphometric analysis for sex estimation.
INTRODUCTION
A nthropometric studies of skeletal structures have provided important information for identification procedures. Postmortem investigations of various skeletal elements provide important data for sex estimation. In cases of advanced destruction of skeletal remains, especially pelvis and craniofacial morphometric studies are frequently used methods. [1] [2] [3] [4] [5] [6] Many different factors may affect the integrity of skeletal remains. Explosions, putrefaction, traumatic damage, and geographic factors may hinder investigations of the pelvis and skull bones. Also, some studies have reported that the pelvis and skull bones are, in fact, less reliable for sex estimation. [2] [3] [4] [5] The integrity of the sternum may be preserved even in advanced skeletal destruction. Bongiovanni and Spradley 7 stated that the good condition levels of the manubrium and sternum was above 59% in the Forensic Anthropology Data Bank. Wenzel 8 reported data on sexual dimorphism in the manubrium and sternum. The author concluded that the length of the manubrium was almost equal in both sexes and the mesosternum was longer in males. Thereafter, ''the manubrium of the female sternum exceeds half the length of the body, while the body in the male sternum is at least twice as long as the manubrium'' description became known as Hyrtl law. 9 Morphometric analyses of the sternum can be performed by dry bone direct measurements and radiological methods during the post-mortem period. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Some radiological studies and morphometric analyses have been performed in living subjects. [21] [22] [23] [24] In these studies, several parameters-such as the manubrium, mesosternum, and total sternum length, manubrium, sternabra 1, and sternabra 3 width, sternal area, and the sternal index (SI)-were used. Although there are some methodological differences among the studies, morphometric analyses of sternum usually provide 80% or greater accuracy. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] This study was designed to assess the utility and reliability of sternal morphometric analysis for sex estimation in a Turkish population.
MATERIALS AND METHODS
Multidedector computed tomography (MDCT) scans of 443 subjects between the age group of 33 to 60 years were assessed. The cases were selected from the easily available general population. This study is approved by the ethics committee of the Bakırköy Dr. Sadi Konuk Hospital/Istanbul. Informed consent was not given because we retrospectively examined the previous thorax CT images. Subjects with sternal trauma, congenital or acquired thorax deformity were excluded from the study. MDCT imaging was performed in without sedation or contrast material. MDCT examination was obtained using a 40-row MDCT scanner (Siemens Medical Solutions, Enlargen, Germany) from the period of June 2013 to December 2013. A routine thoracic CT protocol was followed. All scans were obtained with the following parameters: tube voltage, 120 kV, effective mAs, 120, and slice thickness 1 mm. All images were transferred to a commercially available workstation. On the workstation, multiplane reformatting (MPR) of images in the sagittal and coronal planes were obtained, and three-dimensional images of the sternum were obtained. Measurements were performed according to Bass 3 as follows:
Manubrium length (ML): the distance from the jugular notch to the sagittal midpoint of the manubriosternal joint. Mesosternum length (MSL): the distance from the sternal angle to the sagittal midpoint of the xiphisternal joint. Sternebra 1 width (S1W): the distance between the left and the right first sternebra (depressions between the articulation notches for the second and third costal cartilage). Sternebra 3 width (S3W): the distance between the left and right third sternebra (depressions between the articulation notches for the fourth and fifth costal cartilage). Sternal index: (manubrium length/mesosternum length) Â 100. ML and MSL were measured from sagittal images; S1W and S3W were measured from coronal reformatted images (Figures 1 and 2 ).
STATISTICAL ANALYSIS
Continuous variables are reported as means and standard deviation. Categorical variables are indicated as percentages. Discrimination analysis and receiver operating characteristic (ROC) analyses were used to define the predictive factors of sex estimation. Classification accuracies of the derived discriminant functions were evaluated by a leave-one-out cross-validation procedure. To determine the optimum cut-off value, sensitivity, specificity, positive predictive value, and negative predictive value were calculated by ROC analysis. Continuous variables were evaluated between groups with Student's t-test. The SPSS software (ver. 16; SPSS Inc., Chicago, IL) was used for statistical analyses. P values <0.05 were considered to indicate statistical significance.
RESULTS
In total, 443 subjects (202 females, mean age: 45.6, and 241 males, mean age: 54.4) were included. The age range was 30 to 60 years (mean, 44 AE 8.1). Mean values of ML, MSL, S1W, and S3W were higher in males and the differences were statistically significant (P < 0.001). The SI was significantly higher in females (P < 0.001). Mean measurement values according to sex, standard deviations, and P values for significant differences are shown in Table 1 .
A multiple regression analysis was performed and discriminant scores were calculated for sternal measurements ( Table 2 ). The accuracy of sex prediction was calculated using the discrimination analysis of sternal measurements. In direct discrimination analysis, MSL had the highest accuracy-80.2% in females and 80.9% in males. Each 3 step-wise discrimination analysis showed an accuracy rate greater than 80% for both sexes. The step-wise 1 (ML, MSL, S1W, S3W) analysis had the highest accuracy (86.1% for females and 83.8% for males). Accuracy values for all measurements after direct and step-wise analyses are shown in Table 3 .
ROC analysis was used to determine the optimum values for sex estimation. The optimum cut-off value was determined from sensitivity and specificity values. The optimum sensitivity and specificity values for sex discrimination were identified in the MSL measurement. The sensitivity of MSL was 75.9% and specificity was 87.6%. ROC analysis results for all sternal measurements are shown in Table 4 .
DISCUSSION
Morphometric analyses of various bones by direct measurements from skeletal remains or radiological methods are the basic anthropological options for sex estimation. Trauma, putrefaction, and disappearance for various reasons are the main obstacles to obtaining bones with high integrity. 2, 5 In these circumstances, data collected from a single bone may be important for sex estimation. In the literature, pelvic studies yielded 95% accuracy for sex estimation. 6, 25 Morphometric parameters of the craniofacial region also provide accurate results. [26] [27] [28] [29] [30] The accuracy was reported as 80% for females and 74.3% for males, with an overall level of 77.15%, for the morphometric analysis of maxillary sinuses in a Turkish S1W S3W FIGURE 1. Coronal reformatted MDCT image shows sternebra 1 width (S1W) and sternebra 3 width (S3W).
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population. 26 Especially terrorist blastic attacks may cause mass mortality. In these situations the speed of identification process has gained importance. Besides if mass graves investigations are taken into consideration, single preserved bone pieces in disintegrated skeletons could provide a rapid classification in disaster victims identification (DVI). 31, 32 Sternum has a robust structure and its preserved integrity is the main bony structural advantages. As identified in our study, sternum may provide over a 80% sex discrimination property. Fast and easy CT scanning of preserved single bony parts ''like sternum'' can enable an effective identification method for researchers. 32 Investigation of the reliability of sternum measurements for sex estimation is important because they can be used solely for determination. Morphometric sternum studies provide population-specific data and also highlight differences between populations. We found statistically significant differences in all measured areas (MSL, ML, SW1, SW3, SI) between the sexes. Previous sternal morphometric studies also reported significant differences between the sexes, similar to our study, and in other measurement parameters. 7 -24,33-36 These results also show the negligible effect of ethnicity on sex differences. Assessing similarities and differences in sternal morphometric analysis data from previous studies is important for determining the reliability of measurement methods. Ramadan 7,10-12,16,19-23 MSL also had the highest sensitivity and specificity (75.9% and 87.6%) using 98.7 as the cut-off value. The reliabilities of ML, S1W, S3W, and the SI were lower than that of MSL in the literature and our study. 7,10-12,16,19 -23 The lowest accuracies were with the SI in females (56.4%) and SW3 in males (57.3%). ML, SW1, and SW3 accuracies were lower in males. Bongiovanni and Spradley 7 emphasized the weakness of SI for sex estimation in their cut-off analysis. They found frequencies of 61% for males and 55.6% for females at a cut-off value of 50%. At a cut-off value of 51.25%, the reported frequencies were 67.39% in males and 52.78% in females. In our study, if the cut-off value for SI was accepted as 50%, 56.9% of females were above, and 71.3% of males were below, this value. At a ''best'' cut-off value of 51.3%, 59.7% of females were above it, and 70.1% of males below it. These results illustrate the weakness of SI for sex estimation.
Sternal morphometric investigations are also important for determining differences between populations. Populationspecific studies concluded that mean sternum measurements in South African 10 and Indian [11] [12] [13] [14] [15] [16] populations were lower than those of European, 17, 18, 20, 24, 33, 34 US, 4, 7 and Canadian populations. However, ethnic differences within national populations might affect the results. Studies comparing North and West Indian populations reported larger female sternum measurements in North India and greater male sternum measurements in West India. [11] [12] [13] [14] [15] [16] Discrimination analysis of sternal measurement parameters is a successful method for sex estimation. Previous studies used direct discrimination analysis and different combinations of analysis methods for measurement data. Maculoso and Lucena 19 studied a Spanish population and reported a stepwise analysis of 5 linear dimensions (ML, corpus sterni length, manubrium width, CSWS1 (corpus sterni width at first sternebra), and CSWS3 (corpus sterni width at third sternebra)), yielded a sex classification accuracy of 89.7%. For the manubrium, both length and breadth measurements were selected in the step-wise analysis, providing a sex prediction accuracy of 87.1%. In their Western Australia study, Franklin et al 22 combined the length of the manubrium, body, and corpus sterni width at the first sternebra; the accuracy of sex classification was 84.5%. Morphometric dry bone or sternum imaging studies have reported 80% to 90% accuracies with combined analyses of multiple parameters. 7,10-12,19 -23 We obtained the highest accuracy rate in the Step-wise 1 (ML, MSL, S1W, S3W) discrimination analysis; 86.1% for females and 83.8% for males, and accuracy was greater than 80% after 3 stepwise discrimination analyses for both sexes. Similar to the report by Ramadan et al 21 we used 6 combinations. Ramadan et al 21 reported 81.8% to 88.2% accuracies. Despite the differences between the combinations, the accuracies for Turkish populations were similar in both studies. Direct measurement analyses can be performed on skeletal remains; however, this is not always possible. 1, 5 The increasing clinical diagnostic importance of radiological methods has resulted in an abundance of images. Technically, CT and MRI have high resolution and enable three-dimensional images to be obtained. These properties can provide detailed information for morphometric studies. In 2012, the Royal College of Radiologists reported a 26.5% increase in numbers of radiological images compared with in 2004/2005. They reported an 86% increase in use of CT and a 125% increase in MRI modalities. 36 We conclude that based on the increased numbers of radiology-based studies and appropriate analyses, other bones, such as the sternum, can also be used for forensic anthropologic evaluations. A sternal morphometric analysis method provided information for sex estimation in a Turkish population. MSL had an accuracy of 80.2% in females and 80.9% in males.
Step-wise 1 (ML, MSL, S1W, S3W) had high accuracy: 86.1% in females and 83.8% in males. We found smaller sternum sizes and poor reliability of SI in females, similar to previous studies. The highest sensitivity (75.9%) and specificity (87.6%) were with MSL; SI had the lowest sensitivity and specificity.
The increasing numbers of morphometric studies, especially those in different populations, provide researchers with important data. CT can be used for morphometric analyses of living subjects or found bones. If skeletal parts, such as the pelvis or skull, cannot be found or are damaged, forensic specialists, and forensic anthropologists can use the sternum for accurate sex estimation.
